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Abstract —The implementation of full-duplex (FD) radio in 
wireless communications is a potential approach for achieving 
higher spectral efficiency. A possible application is its employ¬ 
ment in the next generation of cellular networks. However, the 
performance of large-scale FD multiuser networks is an area 
mostly unexplored. Most of the related work focuses on the 
performance analysis of small-scale networks or on loop inter¬ 
ference cancellation schemes. In this paper, we derive the outage 
probability performance of large-scale FD cellular networks 
in the context of two architectures: two-node and three-node. 
We show how the performance is affected with respect to the 
model’s parameters and provide a comparison between the two 
architectures. 

Index Terms —Full-duplex, cellular networks, stochastic geom¬ 
etry, Poisson point process, outage probability. 

L Introduction 

The ever expanding world of wireless communications 
has motivated the need for new techniques to improve the 
utilization of the radio spectrum and to increase the spec¬ 
tral efficiency. This has been partly achieved by the use 
of orthogonal channel access schemes in conventional half¬ 
duplex (HD) systems. In this case, an HD wireless node 
transmits and receives information using orthogonal channels 
(e.g. frequency, time) for each operation. However, these 
orthogonality schemes lead to inefficient use of the system’s 
bandwidth resources which in turn has prompted research for 
overcoming these limitations m. A potential solution to the 
HD constraints is full-duplex (FD) radio, as it allows a wireless 
node to simultaneously transmit and receive information at the 
same time and frequency. The main drawback of FD is the 
loop interference (LI) formed between the output and the input 
antennas which can be catastrophic to the system’s efficiency 
and has been the primary reason why FD has been perceived 
as impractical so far. In spite of that, recent improvements in 
antenna technology and signal processing have helped mitigate 
this interference and, as a result, made FD feasible 0-13. 
Indeed, FD has gained popularity recently and the literature 
list regarding this area has expanded significantly (see 0 and 
references therein). 

In the context of wireless communication systems, FD has 
been studied mostly for simple topologies with a single user, 
and work for multiuser systems such as cellular and WiFi 
networks has been limited. In such networks, the simultaneous 
uplink and downlink operation at the same time and frequency 
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creates multiuser interference which has a negative effect on 
the system’s performance. The work in 0 studies a three-node 
network with an FD base station and two HD mobile nodes 
and shows how a side-channel information can help reduce 
the effects of the interference from the uplink to the downlink 
node. In cni, an FD capable network with a multiple input 
multiple output (MIMO) base station serving multiple users is 
studied, where information theoretic interference management 
techniques achieve rate gains over an HD network. The 
network configuration of Eol is also investigated in ini and 
it is shown that the network can also achieve rate gains by 
exploiting the degrees of freedom in a MIMO base station. 

The aforementioned studies involve ‘static’ small-scale sce¬ 
narios in the sense that the distances between the nodes are not 
taken into account and they involve only one base station. To 
the authors’ knowledge, ‘dynamic’ large-scale FD networks 
have only been studied in II3 and ca. The work in El 
investigates a large-scale ad-hoc FD network and concludes 
that the large-scale factor in this case has a negative impact on 
the potential gains of the FD. On the other hand, benefits of FD 
are demonstrated in El, where a large-scale FD cellular net¬ 
work based on the three-node architecture is studied. Tractable 
analytical expressions for the average per channel rate of both 
uplink and downlink are obtained using stochastic geometry, 
which show that the FD increases the aggregate throughput 
compared to the HD counterpart. Even though the results of 
El are promising for the FD prospects, further investigation 
should be undertaken in terms of the outage probability of 
the system. Moreover, the two-node architecture, where both 
the base station and the user are FD capable, should also be 
taken into account. In this paper, we provide an analysis using 
stochastic geometry on the performance of the downlink in 
the two-node and the three-node FD architectures 0. The 
interference in each scenario acts differently on the downlink 
and so a comparison of the performances is provided together 
with the conventional HD one El to show the points at 
which each scenario overtakes the others. The rest of the 
paper is organized as follows: the next section sets forth the 
system model and its main assumptions. Section HIH presents 
the analysis for the outage probability and Section HVl presents 
a numerical validation and evaluation of the model. Finally 
Section IV] provides some conclusive remarks. 

Notation : denotes the d-dimensional Euclidean space, 

h{x, r) denotes a two dimensional disk of radius r centered 
at X, 11 a: 11 denotes the Euclidean norm of X G N{A) 
represents the number of points in the area A, P(X) denotes 





Fig. 1: Full-duplex architectures. 

the probability of the event X and ]E(X) represents the 
expected value of X. 

II. System Model 

We consider an FD-capable cellular network and focus on 
the downlink performance. We take into account two different 
scenarios where FD can be employed; a two-node and a three- 
node architecture 161. Both scenarios are illustrated in Fig. [T] 
where the active links are depicted with solid blue lines and 
the interference signals with dashed red lines. In the two-node 
FD scenario, both the base station (BS) and the user are FD 
capable and at any generic time a BS serves just one user 
for both uplink and downlink (Fig. [TB . In the three-node FD 
scenario, only the BS is FD capable and at any generic time 
a BS serves one HD uplink user and one HD downlink user 
(Fig. m- As the main focus of this work is the performance 
of the downlink user, we assume that in both scenarios the 
BS operates FD in a similar way. Both scenarios are modeled 
using spatial Poisson point processes (PPP) M- For the sake 
of simplicity, the same notation is used for both models. Let 
the locations of the BSs to be distributed by a homogeneous 
PPP ${, = {xi : i = 1, 2,...} of density A in the Euclidean 
plane where Xi € denotes the location of the BS. 
Similarly, let be a homogeneous PPP of the same density 
A but independent of to represent the locations of the users. 
We assume that all the BSs transmit with the same power Pi, 
and all the users with the same power both are equipped 
with a single transmit and a single receive antenna. 

We assume that the channels are subject to both small- 
scale fading and large-scale path loss. Specifically, the fading 
between two nodes is Rayleigh distributed and so the power 
of the channel fading is an exponential random variable 
with mean l//i. The channel fadings are considered to be 
independent between them. The standard path loss model 
£{x, y) = \\x — t/||““ is used which assumes that the received 
power decays with the distance between the transmitter x and 
the receiver y, where a > 2 denotes the path loss exponent. 
Throughout this paper, we will denote by ai and a 2 the path 
loss exponents for the channel between a BS and a user and 
for the channel between a pair of users respectively. In both 
scenarios, the interference at the downlink user is the sum 
of the received signals from the BSs of and the uplink 
users of <!>„, excluding the received signal from the BS in the 


same cell. Note that in the two-node scenario the uplink and 
downlink operation is performed by the same user and so intra¬ 
cell interference does not exist. Nevertheless, in this case the 
user experiences LI. We assume that imperfect cancellation 
mechanisms of the LI are used a, m and the channel 
gain hi from the residual interference after cancellation can 
be characterized by E[||/ij|p] = af as each implementation 
of the cancellation mechanism can be characterized by a 
specific residual power M- Moreover, all wireless links 
exhibit additive white Gaussian noise (AWGN) with variance 
(7^. A downlink user selects to connect to the BS transmitting 
the strongest signal power. Since all the BSs transmit with the 
same power, the user connects to the nearest BS in the plane. 
Assuming the user is located at the origin o and at a distance r 
to the nearest BS, the cumulative distribution function (cdf) of 
r can be derived from the null probability of a 2D Poisson pro¬ 
cess ini, P[r < i?] = 1 - P[iV(6(o,i?)) = 0] = 1 - 
Therefore, the probability density function (pdf) of r is, 

fr{r) = 27 rAre“'^’^’' , r > 0 . ( 1 ) 


HI. Outage Probability 


In this section, we derive analytically the outage probability 
of a downlink cellular network for both scenarios outlined in 
Section |II] The outage probability describes the probability 
that the instantaneous achievable rate of the channel is less 
than a fixed target rate R, i.e. P[log(l -f SINr) < R], Without 
loss of generality and following Slivnyak’s Theorem ifTsl . we 
execute the analysis for a typical user Uo located at the origin 
but the results hold for all downlink users in the network. 

Assuming Uo is at a random distance r from the nearest BS, 
denoted by bo, then the SINR of Uo is, 

SINR = 2 I r I r I r ’ 

where Ii is the residual interference at Uo after LI cancellation 
and is defined as // = Puhi, where hi is the LI channel gain 
at Uo', h and /„ is the interference received at Uo from all 
the BSs (apart from ho), and all the uplink users respectively. 
Specifically, 

h = Pi, Y. gdr\ lu = Pu Y (3) 

i6$6\ho 

where h, gi, kj are the channel fadings between Uo and bo, Uo 
and the BS and Uo and the uplink user respectively; 
similarly, di and Dj are the distances between Uo and the i*** 
BS and Uo and the uplink user respectively. 

Theorem 1: The outage probability of a downlink user in 
the two-node FD scenario is n 2 (i?, A, ai, a 2 ) = 


1 - 27rA 


fOO ^^ — XTrr—sa^ 


l + ^^afTro 


-Ci„ (s) Ci^ (s) dr, (4) 


where s = ^—p^, T = 2^ — 1, 


Ci, (s) = exp |^-27rA^ ’ (5) 
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Proof: Starting from the definition of the outage proba¬ 
bility and conditioning on the nearest BS being at a distance 
r we have, 

112(i?, A, ai, a 2 ) = Er [P[log(l + SINr) < i? | r]] 


P[log(l + SINr) < R I r]/r(r)dr 




dr. 
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The expected value is then evaluated as follows, 
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to c» since the closest interfering uplink user is at least at 
a distance p; (c) follows from the MGF of an exponential 
random variable and since k ~ exp(p). 

Replacing Ez„ with ® and s with ^ in (l7]i gives. 
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Letting T = 2^-1, P[sinr > T I r] is the coverage probability 
conditioned on the distance r and is given by, 

ipOL 1 

h > —::—(cr^ -f /;+/(, + ly) 




27rA / pe exp 


Similarly as above. 


1 - 


1 j_ PuiELt 

^ ^ Pb !/“2 / 


ydy /p(p)dp = 


—27rA 


PuT 

Pb 


PlT 4- M-± 

Pb ^ r-“i , 


^Ib 


yTr° 


= exp I — 27rA 


T 


ydy dp. 


xdx 


(a) follows from the fact that h ~ exp(p); 
(6) follows from the moment generating function (MGF) of 
an exponential variable and since hi ~ exp(l/CTf); Ci^{s) and 
£zu (s) are the Laplace transforms of the random variables 
Ib and lu respectively, evaluated at s. As there is no intra¬ 
cell interference, needs to be evaluated conditioned on the 
distance p from Uo to the closest uplink user in the neighboring 
cells. Since the densities of <i)z and <!)„ are equal, we can 
assume that there is on average one user per cell. Therefore, 
p is distributed according to O and the Laplace transform of 
lu is given by. 


Pb J ““"V ~""Jr Vr-f(f)“L 

and the result follows. ■ 

The main difference between the two architectures is that 
in the three-node case the downlink user is not subject to 
any LI. Despite that, the downlink user is subject to intra¬ 
cell interference from the uplink users. Therefore, the SINR 
of Uo at a random distance r from ho in the three-node FD 
scenario is the same as (l2]i but with /; = 0. 

Theorem 2: The outage probability of a downlink user in 
the three-node FD scenario is 113 ( 7 ?, A, ai, 0 : 2 ) = 


1 - 27rA 
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( 10 ) 


( 11 ) 


Proof: The proof is similar to the proof of Theorem [T] 
and so it is omitted due to space limitations. ■ 

The derived expressions (|4|i and (|9]) provide a general 
result for the outage probability for each scenario under the 
main assumption that the interference is Rayleigh. Since these 
general expressions are not closed-form, a special case is 
considered which facilitates their simplification. Specifically, 
let ai = 4 and 0:2 = 4. Furthermore, assume that the BSs 
and the users transmit with the same power, i.e. Pb = Py, 
and that the network is interference-limited, i.e. = 0. By 


using a series of transformations w 


1 

Vt 


(fr 


1 

Vt 


{W 


u ^ and v p^, the outage probability for the two-node 
scenario becomes. 


>p \ A^ + s^’«y"“^ 
where (a) follows from the fact that kj are independent 
and identically distributed and also independent from the 
point process (6) follows from the probability generating 
functional (PGFL) of a PPP ifTSl and the limits are from p 
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Fig. 2; Outage Probability versus P?,; cr^ = 1 and R = 0.1 
bpcu. Analytical results are shown with dashed lines. 



Pb = Pu- Analytical results are shown with dashed lines. 




uVt arccot 



du. (14) 


Likewise, the outage probability for the three-node scenario 
can be simplified significantly to. 


n3(i?,A,4,4) = l- 


1 

1 + •\/T(arctan(-\/T') + f) 


(15) 


Note that Ila is independent from the network density A and 
only depends on the target rate R. The same applies for 112 
when af = 0 even though it is not as obvious as for lla. 


IV. Numerical Results 

In this section, the proposed analytical model is validated 
and evaluated with computer simulations. Unless otherwise 
stated, the simulations use the following parameters: A = 
10“^, «! = 4, a 2 = 4 and Pt = Pu- We compare the two 
FD models with the HD model in na which is similarly 
derived using stochastic geometry. For a fair comparison, 
we assume an RF-chain conserved framework ESI where 
the HD and FD nodes use the same number of RF-chains 
and set the instantaneous achievable rate of the HD model 
to i log(l + SINr) to accommodate the fact that the HD’s 
instantaneous rate is half the one of the FD’s due to the 
latter’s simultaneous transmit/receive operation. Throughout 
this section, we will refer to the two-node scenario with no 
residual LI, i.e. af = 0, as optimal. 

Fig. m shows the outage probability of each respective 
scenario in terms of the BSs’ transmission power Pi,. It is 
clear from the plot that the outage probability converges to a 
constant floor in all cases for high transmission powers. This is 
due to the fact that as the transmission power of the network’s 
nodes increases, the noise in the network becomes negligible. 
The FD networks perform slightly better to the HD network 
since they can achieve twice the rate of the HD network. 
Nevertheless, the HD network suffers the least in terms of 
multiuser interference and therefore it performs significantly 
better for high transmission powers, whereas the performance 


of the FD networks is degraded by the interference. The 
three-node FD performs the worst for which shows the major 
impact the intra-cell interference has on the downlink. Indeed, 
the intra-cell interference starts to impact the performance 
at intermediate values, and as a result the outage converges 
faster than the other scenarios. On the other hand, the optimal 
two-node FD performs better than the three-node FD but 
its performance degrades as the residual LI increases. Since 
cellular networks are generally designed to be interference- 
limited, we will consider the case cr^ = 0 for the rest of this 
section. 

In Fig. [3 the outage probability is depicted with respect to 
the target rate R. As expected, the performance for all scenar¬ 
ios degrades as the target rate increases. For low target rates, 
specifically up to i? = 0.6 bits per channel use (bpcu), HD has 
the best performance. At i? = 0.6 bpcu the performance of the 
HD network is equal to the one of the optimal two-node FD 
and at R = 1.7 bpcu it is equal to the one of the three-node 
FD. This behavior is expected and is due to the fact that the 
FD can achieve twice the achievable rate at any instant but 
due to the multiuser interference and LI it achieves a better 
performance at higher target rates. Indeed, it is obvious that 
the residual LI has a critical impact on the performance since 
for the case af = 10“^ the outage probability reaches 80% 
for R Ki 0.5 bpcu. This is also clear from Fig. |4] which shows 
the negative impact of the residual LI on the performance of 
the network for different target rates. Moreover, as the target 
rate increases the performance drops with a faster pace. 

The impact of the network density A on the performance of 
the network is illustrated in Fig. |5] The main observation here 
is that the outage probability for the optimal two-node FD, the 
three-node FD and the HD scenarios is independent of A. We 
can explain this behavior as follows. Even though a larger 
(smaller) network density results to more (less) multiuser 
interference to the downlink user, it also entails that the user 
is closer (further) to its serving BS. This trade-off leads to the 
average performance to remain constant. However, when the 







































Fig. 4: Outage Probability versus = 0 and Pf, = 

Analytical results are shown with dashed lines. 



Fig. 5: Outage Probability versus network density X; R = 0.1 
bpcu and cr^ = 0. Analytical results are shown with dashed 
lines. 


user is subject to residual LI in the two-node FD scenario, 
the outage does depend on A and the denser the network, the 
lower the outage probability is. In this case, the residual LI 
dominates the SINR at the downlink user so the denser the 
network, the closer the user is to the BS thus reducing the 
negative effects of the residual LI. It is evident from Fig. |5] 
that the higher the power of the residual LI is, the denser the 
network needs to be in order to achieve the performance of 
the three-node FD scenario. 

V. Conclusion 

This paper has presented analytical expressions for the out¬ 
age probability of two fundamental FD architectures in cellular 
networks; two-node and three-node. A detailed performance 
comparison has been provided between these two architectures 
and their HD counterpart. Our results show that for low values 
of LI residual the two-node performs better than the three-node 
due to the latter’s high multiuser interference. On the other 


hand, for large values of residual LI, the three-node becomes 
more practical. As expected, the HD mode performs better 
than the FD mode for low threshold values R. Therefore, even 
though both FD architectures have potential gains, to achieve 
these the multiuser interference and LI need to be reduced 
significantly. A future extension of this work is to consider 
the case where the nodes employ directional antennas which 
could reduce the multiuser interference and passively suppress 
the LI, thus improving the performance of both architectures. 
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